Abstract: Oligomerization of γ-Synuclein is known to have implications for both neurodegeneration and cancer. Although it is known to co-exist with the fibrillar deposits of α-Synuclein (Lewy bodies), a hallmark in Parkinson's disease (PD), the effect of potential therapeutic modulators on the fibrillation pathway of γ-Syn remains unexplored. By a combined use of various biophysical tools and cytotoxicity assays we demonstrate that the flavonoid epigallocatechin-3-gallate (EGCG) significantly suppresses γ-Syn fibrillation by affecting its nucleation and binds with the unstructured, nucleus forming oligomers of γ-Syn to modulate the pathway to form α-helical containing higher-order oligomers (~158 kDa and~670 kDa) that are SDSresistant and conformationally restrained in nature. Seeding studies reveal that these oligomers although "on-pathway" in nature, are kinetically retarded and rate-limiting species that slows down fibril elongation. We observe that EGCG also disaggregates the protofibrils and mature γ-Syn fibrils into similar SDSresistant oligomers. Steady-state and time-resolved fluorescence spectroscopy and isothermal titration calorimetry (ITC) reveal a weak non-covalent interaction between EGCG and γ-Syn with the dissociation constant in the mM range (K d~2 -10 mM). Interestingly, while EGCG-generated oligomers completely rescue the breast cancer (MCF-7) cells from γ-Syn toxicity, it reduces the viability of neuroblastoma (SH-SY5Y) cells. However, the disaggregated oligomers of γ-Syn are more toxic than the disaggregated fibrils for MCF-7cells. These findings throw light on EGCG-mediated modulation of γ-Syn fibrillation and suggest that investigation on the effects of such modulators on γ-Syn fibrillation is critical in identifying effective therapeutic strategies using small molecule modulators of synucleopathies.
Introduction
Rising evidence of toxicity associated with the soluble oligomeric species formed during amyloidogenesis has shifted the focus from inhibiting the amyloid plaque formation to developing strategies that could modulate the species to become less toxic. 1 These oligomers share strikingly similar structural motifs irrespective of their protein sequences, thereby involving similar mechanisms of toxicity. 1, 2 Although the high dynamicity of these species pose a challenge in deciphering the exact cascade of pathogenicity, cell-to-cell transmission, 3 membrane permeabilization, and aberrant signal transduction 1, 4 are some of the key features known.
Belonging to the family of Synucleins, which are an important class of intrinsically disordered neural proteins, our study emphasizes the critical role of a highly oligomer forming, yet moderately fibrillogenic member of the family "γ-Synuclein,"
5 which despite having a plethora of pathogenic implications in both neurodegeneration 6 and cancer, 7 remains poorly studied. The involvement of γ-Syn in the etiology of the diseases is speculated to result from its inherent tendency to self-associate and form oligomers that are capable of cellular invasion as well as in facilitating the aggregation of other amyloidogenic proteins like α-Syn, a hallmark in Parkinson's disease (PD). 8 Nevertheless, γ-Syn deposits have also been traced in Lewy bodies in conjunction with the fibrillar deposits of α-Syn. 9 Several factors like high concentration, 5 oxidation 8 and dissociation of γ-Syn from its interaction partners 10 are reported to facilitate oligomerization. Also, the over expressed γ-Syn is considered a prognostic marker in multiple invasive cancers as well as neurodegenerative conditions where it enhances the debilitating effects by causing death of motor neurons 6 and promoting metastasis. [11] [12] [13] In the light of the current scenario, it is important to employ a strategy for regulating the toxicity of these resultant oligomeric species and investigate the effect of various therapeutic modulators on the fibrillation process of γ-Syn. Several strategies have so far been employed to understand the series of amyloid forming events and modulation of the fibrillation pathway of a number of proteins. The use of neurotransmitters like dopamine and calcium, 14 peptide inhibitors 15 and naturally occurring small molecules like polyphenols 16 have been investigated but studies on the role of such modulators in the fibril-forming pathway of γ-Syn are non-existent. The major green tea polyphenol epigallocatechin-3-gallate has a well-established neuroprotective 17 as well as anticancer properties. 18 EGCG inhibits the fibrillation of a wide range of amyloidogenic proteins like α-Syn, Aβ peptide, Huntingtin, etc. 19, 20 The most prevalent characteristic of EGCG inhibited fibrillation pathway is the formation of non-toxic, stable oligomeric species or benign protein aggregates which do not further participate in the polymerization process thus rendering them off-pathway. 21, 22 Cross-linking of amyloid fibrils by oxidized EGCG, 22 covalent modification with the sulfhydryl groups on the protein 23 and formation of a molecular zipper by EGCG to facilitate the assembly of EGCG-containing oligomers 20 are the proposed mechanisms of EGCG mediated inhibition. In order to control the debilitating effects of γ-Syn oligomers and prevent the onset of underlying diseases, it is important to gain an in-depth understanding of the effects of such modulators on the oligomerization and fibrillation pathway of γ-Syn. It is proposed that colocalization of γ-Syn with its most fibrillogenic counterpart α-Syn could make it an important target of inhibition and thus necessitates investigation of such inhibitors reported to act on α-Syn fibrillation pathway for γ-Syn fibrillation as well. In this study, we investigate the modulating effects of a widely reported anti-amyloidogenic polyphenol EGCG on the oligomerization and fibrillation propensity of γ-Syn to provide an insight into the underlying mechanism by addressing the following questions. Does EGCG modulate the fibrillation pathway of γ-Syn? How does it modulate the pathway and what is the mode of interaction with γ-Syn? Lastly, what are the cytotoxic effects of the EGCG generated γ-Syn species?
Our study provides the first evidence of significant suppression and modulation of γ-Syn fibrillation pathway by EGCG. We report that EGCG retards nucleus formation thus decelerating fibril polymerization and mediates its inhibitory effect by modulating the on-going fibrillation pathway to form two separate populations of SDS-resistant higher-order γ-Syn oligomers (~4 and 10 mer), that are conformationally restrained and gain an α-helical propensity during fibrillation. Seeding studies further reveal that these oligomers are on-pathway in nature and are kinetically retarded species (increased lag time) that fail to build-up into mature fibrils in the pathway. We observe that the pronounced effect of EGCG is mediated by weak, non-covalent interactions (K d~m M), that points to the importance of weak binding interactions in modulating the γ-Syn fibrillation pathway. We also demonstrate that EGCG attenuates the protofibrillar stages of the pathway and disaggregates protofibrils as well as the mature fibrils into similar kind of SDS-resistant oligomers. Interestingly, we observe that EGCG-generated oligomers are differentially toxic to the breast cancer (MCF-7) and neuroblastoma (SH-SY5Y) cells, where they completely rescue the MCF-7 cells from γ-Syn toxicity but are more toxic than the untreated γ-Syn oligomers for the SH-SY5Y cells. This indicates the critical role of γ-Syn and complexities it may impart in the treatment of amyloidogenic diseases. However, the disaggregated γ-Syn oligomers are highly toxic to MCF-7 cells relative to the disaggregated γ-Syn fibrils that highlights an early gain of toxicity of γ-Syn which is governed by the morphology of the species formed.
The results presented delineate the EGCGmediated mechanism of γ-Syn fibrillation and point to the differences observed for its effect toward α-and γ-Syn in the form of modulation of fibrillation pathway and toxicity. Due to the co-existence of α-and γ-Syn in the cellular milieu, it further necessitates an in-depth investigation of small molecule modulators like EGCG on the fibrillation properties of the synucleins involved in synucleopathies.
Results and Discussion

EGCG inhibits γ-Syn fibrillation in a concentration-dependent manner
In previous studies, EGCG has been reported to inhibit fibrillation of many other amyloidogenic proteins such as α-Synuclein and Aβ peptide at a ratio of 5-10-fold molar excess over protein concentration, 20, 22 whereas the effects of EGCG on γ-Syn is still unknown. The effect of EGCG on the fibrillation kinetics of γ-Syn was analyzed by Thioflavin T binding assay. ThT is a benzothiazole dye that fluoresces strongly upon binding with the cross β-sheet structures which are a signature for amyloid fibrils. 24 The
ThT fluorescence was found to increase by almost 8-fold in magnitude upon binding with γ-Syn fibrils formed in the absence of EGCG with an apparent fibrillation rate (k app ) of 0.36 AE 0.02 h −1
. Incubation of γ-Syn in the presence of increasing concentration of EGCG (5-50 μM) resulted in a concentrationdependent decrease in ThT fluorescence [ Fig. 1 (A) and (B)] with negligible rise in ThT fluorescence recorded in the presence of EGCG at higher concentrations (>30 μM). The decrease in the apparent fibrillation rate (k app ) of γ-Syn with respect to EGCG is shown in Figure 1 (C). To further ascertain that the decrease in ThT fluorescence in the presence of EGCG is due to fibril inhibition and not due to interference between ThT and EGCG, the control containing EGCG and ThT in buffer alone was also monitored, which showed negligible fluorescence at all time-points during fibrillation [ Fig. 1(B) , inset]. Additionally, the fibrillation kinetics of γ-Syn were monitored by extrinsic ThT assay after removing the unbound EGCG by centrifugation wash protocol as previously mentioned 22 with slight modifications (see Supplementary Material S2). We observed a reduced ThT fluorescence in the presence of EGCG as compared to untreated γ-Syn, clearly indicating a significant suppression of γ-Syn fibrillation by EGCG (Supporting Information Fig. S2 ). Interestingly, EGCG suppresses γ-Syn fibrillation by 50% even at a 15-fold less stoichiometry and a ratio of less than 1:1 is needed to bring complete inhibition [ Fig. 1(A) ]. Effective inhibition of γ-Syn fibrillation by a significantly lower concentration of EGCG suggests that it acts on the nucleation phase of the pathway where it interacts with the nucleus or seeds present in low concentration as reported for small molecule mediated inhibition of Aβ fibrillation. 25 The effect of EGCG on the morphology of γ-Syn fibrils was studied by negatively stained transmission electron microscopy and atomic force microscopy. Incubating the monomeric γ-Syn with EGCG (5-50 μM) during fibrillation showed a concentration dependent disappearance of the γ-Syn fibrils [ Fig. 1 (D)] corresponding well with the observed decrease in ThT fluorescence [ Fig. 1(A) ]. AFM images of γ-Syn fibrils formed both in the absence and presence of EGCG (50 μM), demonstrated a significant suppression of fibril formation in the presence of EGCG. γ-Syn in the absence of EGCG formed mature intertwined fibrils with an average height of~11 nm. However, in the presence of EGCG, no mature fibrils were observed and highly populated large spherical oligomers with an average height of 26.2 nm and sparsely populated smaller oligomers with an average height of 12.3 nm were observed. These oligomers were found to self-associate with each other giving rise to a beaded appearance as shown in Figure 1 (E).
The significant suppression of γ-Syn fibrillation by EGCG at substoichiometric ratios and the known use of EGCG in Phase IV clinical trials 26 highlight the physiological relevance of these findings. Several studies on the bioavailability of EGCG have demonstrated its ability to cross the blood brain barrier 26 and get absorbed by the digestive tract of the human body upon oral administration 27 at a dosage of around 300 mg/day. 28 Thus, it is noteworthy that the concentrations used in the study are within the safety limits and suggest that consumption of 1-6 cups of green tea/day would sufficiently provide the effective concentration of EGCG required for inhibition of fibrillation as used in this study.
EGCG disaggregates mature γ-Syn fibrils and attenuates fibril elongation
To probe the effect of EGCG on different stages of γ-Syn fibrillation, EGCG (50 μM) was added at different time intervals (8 h, 24 h, and 48 h) which respectively correspond to late lag, log and saturation stage of γ-Syn fibrillation under conditions used. The ThT fluorescence was found to decrease substantially at all time-points when EGCG was added [ Fig. 2(A) ], indicating attenuation of fibrillation in the presence of EGCG. The decrease in ThT fluorescence upon addition of EGCG on preformed fibrils also suggests disaggregation of mature γ-Syn fibrils [ Fig. (2B] ). The TEM and AFM images of the fibrils, formed upon addition of EGCG at late lag, log and saturation phase (8 h, 24 h, and 48 h, respectively) of γ-Syn fibrillation, reveal the presence of shorter and disintegrated fragments indicating the disaggregation of protofibrils and pre-formed γ-Syn fibrils [ Fig. 2 (C) and (D), respectively]. In AFM images, along with the disintegrated broken fragments, spherical oligomers were also observed [yellow encircled, Fig. 2(D) ].
EGCG modulates the γ-Syn fibrillation pathway to form SDS-resistant large spherical oligomers
To investigate the effect of EGCG on the population of various γ-Syn species formed during aggregation and its effect on the modulation of γ-Syn fibrillation pathway size-exclusion chromatography (SEC) was employed. The incubated samples of γ-Syn formed both in the absence and presence of EGCG (50 μM) during fibrillation were withdrawn at regular time intervals (0, 24, and 48 h) and the soluble fractions obtained after centrifugation were subjected to SEC at an absorbance of 275 nm [ Fig. 3(A) ]. Freshly prepared γ-Syn solution eluted with a major monomeric peak at~15.6 min and a small oligomeric peak at 10.5 min, corresponding to an apparent molecular weight of~44 kDa and~670 kDa (~15 mer), respectively as calculated from the standard calibration curve (Supporting Information Fig. S3 ). The overestimated apparent molecular weight of monomeric γ-Syn instead of its actual molecular weight of 13.4 kDa results from the natively unfolded nature of the intrinsically disordered proteins. 10 The SEC profiles of γ-Syn during aggregation showed an increase in the oligomeric peak area during the exponential phase (24 h) of fibrillation, whereas during the end of fibrillation (48 h) the soluble protein was significantly reduced eluting as monomers with only a negligible trace of oligomers present [ Fig. 3(A) ]. As shown in Figure 3 (A), on addition of EGCG (50 μM), an immediate rise in the oligomer peak eluting at~10.3 min was observed. During the exponential phase of fibrillation (24 h), the EGCG treated γ-Syn eluted with the appearance of another significant peak at~13.4 min corresponding to an apparent molecular weight of~158 kDa, suggesting the formation of second type of oligomer (~4mer) in the presence of EGCG which otherwise was absent in the SEC profiles of untreated γ-Syn species. These results indicate EGCG mediated formation of γ-Syn oligomers during fibrillation.
There were appearances of other small and multiple peaks eluting immediately after the major monomeric peak (~10.5 min) which were visibly reduced in the presence of EGCG and showed decreased absorbance with an increasing time of fibrillation, suggesting the presence of small fractions of various conformations which are getting retarded for a longer period of time in the column. The possibility that these peaks were a resultant of different γ-Syn conformations was further validated by estimating the hydrodynamic radii of γ-Syn using the empirical equations established for calculating the hydrodynamic properties of a protein from the apparent molecular weights obtained from SEC. 5 Stoke's radius (R s ) of the monomeric γ-Syn as calculated using the apparent molecular mass (~44 kDa) was found to bẽ 28.7 Å, which is smaller than that expected for a completely random coil protein and is close to the previously reported value of~30 Å for monomeric γ-Syn. 5 The reduced hydrodynamic radius (R h ) of the monomeric γ-Syn indicates compactness in the overall structure which in turn suggests a high self-associating tendency of γ-Syn, also reported in previous studies. 5 However, we observe slight difference between R s observed by us and previous reports which could arise due to the differences in the protein concentrations used, emphasizing the role of concentration-dependent self-association of γ-Syn. The EGCG-mediated formation of higher-order γ-Syn oligomers was further confirmed by Rayleigh scattering (Supporting Information Fig. S4 ). Monomeric γ-Syn was incubated with an increasing concentration of EGCG (10, 30, and 50 μM) and the scattering intensities were recorded at regular time intervals during fibrillation. During the initial stages of fibrillation, an early rise in the scattering intensity with the increasing concentration of EGCG indicated the formation of higher-order oligomers by EGCG, while the overall reduced scattering in the presence of EGCG validated suppression of γ-Syn fibrillation (Supporting Information Fig. S4 ). The formation of higher-order oligomers by EGCG were further confirmed by monitoring the scattering intensity of the soluble γ-Syn species (obtained after centrifugation) and a concentration dependent increase in the scattering intensity in the presence of EGCG clearly demonstrated the formation of soluble and higher order oligomers by EGCG (Supporting Information  Fig. S4 ).
To further investigate the binding of EGCG to different species of γ-Syn, the absorbance was also recorded at 270 nm where EGCG absorbs [ Fig. 3(B) ]. However, the contribution by the tyrosine present in γ-Syn in this region cannot be ruled out. The quantitation of the relative area under the respective peaks at all the time intervals (0, 24, and 48 h), showed an increase in the oligomeric peak area as compared to the area covered by the monomeric peak, thereby indicating an increased affinity of EGCG for γ-Syn oligomers.
Additionally, to investigate the disaggregated products of the protofibrillar and fibrillar species of γ-Syn, the SEC profiles of γ-Syn formed upon addition of EGCG (50 μM) at the late lag (8 h), log (24 h), and exponential phase (48 h The data demonstrates that EGCG diverts the on-going fibrillation pathway and disaggregates the existing fibrils into two similar kinds of SDS-resistant higher ordered oligomers with apparent molecular weights of~158 kDa and~670 kDa [ Fig. 3(A) , (C), (F), and (G)], with the formation of larger oligomers (~670 kDa) favored over the smaller ones. EGCGmediated self-association of the γ-Syn oligomers into large spherical structures (average height of~21 nm) as seen in the AFM images, possibly imparts structural stability, thus making the oligomers resistant against denaturing by SDS. A similar effect of EGCGmediated disaggregation of the pre-existing fibrils and protofibrils of γ-Syn into SDS-resistant oligomers [ Fig. 3(C) and (G), respectively] without forming amorphous aggregates, has also been reported for polyphenol Baicalein on mature fibrils of α-Syn. 29 However, the formation of amorphous aggregates upon fibrillar disaggregation has been reported to be one of the effects of EGCG on mature fibrils of other amyloidogenic proteins like α-Syn and Aβ-peptide. 20, 30 The gradual build up of γ-Syn oligomers during the exponential phase of the pathway and their subsequent decline by the end of fibrillation in the absence of EGCG [ Fig. 3 (A)] further sheds light on the transient nature of these highly reactive species which could remain in a dynamic equilibrium with the monomer and disassemble into unstructured monomers under denaturing conditions unlike the EGCG generated oligomers [ Fig. 3(F) ]. The transient nature of these fibril forming oligomers have also recently been reported for tau protein. 31 Although the exact mechanism of EGCG induced stability of γ-Syn is still unclear and a residue level information is currently unavailable, the effect of EGCG could be understood in light of a previous study where it is reported that the hydroxyl-rich aromatic structure of EGCG could form stable hydrogen bonds with the unfolded polypeptide such as α-Synuclein and Aβ-peptide, thus establishing that intermolecular interactions facilitate the self-assembly of the EGCG stabilised oligomers.
20
EGCG-generated oligomers act as partial templates for γ-Syn polymerization and inhibit γ-Syn elongation
In order to further investigate whether the EGCGgenerated oligomers act as template for γ-Syn polymerization and inhibit γ-Syn elongation, a seeding assay was carried out. The fibrillation kinetics in the presence of EGCG (50 μM) treated and an untreated seeds (20% v/v) were monitored at regular intervals under shaking conditions using ThT fluorescence assay. As shown in Figure 4 (A), γ-Syn seed fibrils formed after 48 h of incubation, reduced the lag time by~10 h, compared to the non-seeded γ-Syn fibrillation, indicating nucleation-dependent polymerization of γ-Syn as also seen for its fibrillogenic counterpart α-Syn. 5 The EGCG-treated seeds interestingly showed an intermediate kinetic characteristic with a reduced lag time of~6 h with respect to non-seeded γ-Syn kinetics and increase in the lag time by~4 h with respect to the γ-Syn seeded fibrillation. Further, fibrillation kinetics in the presence of untreated γ-Syn seeds when supplemented with EGCG (50 μM), led to a significantly reduced ThT fluorescence, indicating inhibition of fibril elongation by EGCG. To further rule out the seeding effects of untreated residual fibrils of γ-Syn and obtain EGCG enriched oligomers, the 24 h incubation samples containing the EGCG-generated oligomeric species in the soluble fraction of the fibrillation reaction (obtained after centrifugation) were used as seeds (see Supplementary material 4, Supporting Information Fig. S5 ). Since, the fibrillation kinetics of γ-Syn around 24 h of incubation, under the given experimental conditions correspond to the oligomerization stage of γ-Syn, a change in the lag time of γ-Syn fibrillation in the presence of preformed EGCGgenerated oligomers, would reflect the on-/off-pathway nature of these species. The increased lag time in the presence of EGCG-generated seeds with respect to the untreated γ-Syn seeds (Supporting Information Fig. S5 ) suggests that the EGCG-generated oligomers are partial templates for monomer addition for fibril polymerization. The intermediate lag time suggests that the EGCG-generated oligomers increase the kinetic barrier for nucleus formation and, thus, delay fibril elongation. It is interesting to note that EGCG has been previously reported to modulate α-Syn fibrillation pathway into SDS-resistant, higher order oligomers, 20 as also observed for γ-Syn but the EGCG-generated α-Syn oligomers were reported to be off-pathway 20 in nature unlike the oligomers of γ-Syn which are kinetically retarded and possess characteristics of "on-pathway" species. Such contrasting effects of a polyphenol on two closely related members of the same family indicate the involvement of complex modulating mechanisms that needs to be further investigated. The TEM images of the fibrils formed in the absence and presence of EGCG treated seeds [ Fig. 4  (B) ] showed self-seeding capacity of γ-Syn by giving rise to thick intertwined mature fibrils whereas only short and partially polymerized fragments were observed in the presence of EGCG-treated seeds. This further suggests that the EGCG-generated oligomers are kinetically compromised species for fibril maturation. Additionally, the formation of numerous short and broken fragments upon addition of EGCG (50 μM) to the γ-Syn seeded fibrillation reaction [ Fig. 4 (C)] establish the inhibition of γ-Syn fibril elongation by EGCG, corresponding with the negligible ThT fluorescence as observed in Figure 4 (A).
EGCG delays β-sheet formation and generates α-helical containing oligomers during fibrillation
The shift in the equilibrium toward formation of oligomers in the presence of EGCG (results above) also suggested that EGCG favors conformations that have less likelihood of being the precursors for γ-Syn fibrillation. To gain insight into the effect of EGCG on γ-Syn structure and fibrillation, far-UV circular dichroism (CD) spectroscopy of the γ-Syn species incubated with an increasing concentration of EGCG (10, 30 and 50 μM) under native and fibrillating conditions was carried out. Untreated and freshly prepared solutions of γ-Syn showed far-UV CD spectra of a typical natively unfolded conformation with a large negative ellipticity at~200 nm and a small value at 222 nm, which was also maintained at all the concentrations of EGCG used [ Fig. 5(A) ]. The far-UV CD spectra of γ-Syn, monitored after 24 h and 48 h of fibrillation [ Fig. 5(B) ], showed a shift in the negative ellipticity to 218 nm, indicating a structural transition from the natively unfolded conformation to a characteristic β-sheet structure. This structural transition was found to be significantly delayed in the presence of EGCG in a concentration-dependent manner, with an increase in negative ellipticity at~208 nm and~221 nm at higher concentration of EGCG (50 μM), indicating the formation of an α-helical like structure by EGCG [ Fig. 5(B) ].
In order to further characterize the structure of γ-Syn oligomers formed both in the absence and presence of EGCG, far-UV CD measurements of the soluble oligomers obtained after centrifugation of the fibrillation samples were carried out as a function of time [ Fig. 5(C) ]. The CD spectra of soluble γ-Syn oligomers measured at different time intervals, i.e., 0 h, 8 h, 24 h, and 48 h, showed spectra characteristic of a natively unfolded protein, with a negative peak at 200 nm. The differences in the intensities of the negative ellipticity indicated slight perturbations in the structure. In contrast, the EGCG generated oligomers during aggregation were found to gain secondary structure showing a decrease in ellipticity at~200 nm and appearance of negative ellipticity with two minima at 208 nm and 220 nm, indicating a propensity for α-helical conformation. It is to be noted that the far-UV CD spectra of the EGCG generated oligomers show slight deviations from a characteristic far-UV CD spectra of a perfectly α-helical peptide which could arise due to the combination of peaks contributed by other soluble aggregated forms of the species populated during fibrillation. The formation of an α-helical structure by small molecule ligands has also been reported in Aβ-peptide, that also reduces Aβ-oligomer toxicity. 32 The increased tendency of γ-Syn to form α-helical structure in its amyloid forming region has been suggested to be an intrinsic property that can be induced under various conditions making it less prone to fibrillation compared to α-Syn having high β-sheet forming propensity in that region. 33 Our results clearly demonstrate that the EGCG mediated γ-Syn oligomerization occurs spontaneously and is relatively faster than γ-Syn fibrillation alone which agrees with the theory of competitive binding. 20, 34 In the light of this theory, we propose that EGCG competes out the self-associating unfolded γ-Syn monomers by binding preferentially with the unstructured oligomers of γ-Syn, and thereby reducing the formation of β-sheet containing species, and remodeling the pathway to form kinetically retarded α-helix containing oligomeric species majorly divided into two higher-order forms.
EGCG-generated species maintain an overall low-surface hydrophobicity
It is well established that formation of β-sheet is a signature for amyloid fibrils [35] [36] [37] and an increase in the hydrophobicity is one of the important physicochemical properties that is known to be involved in driving the formation of β-sheet structures leading to the build-up of toxic oligomeric species. [37] [38] [39] [40] The extent of exposed hydrophobic surface area in γ-Syn was assessed by ANS binding assay. ANS (1-anilino-8-naphthalenesulfonic acid), a widely used solvent-sensitive dye is known to fluoresce with a blue-shifted emission upon binding with hydrophobic surroundings. 38 The ANS fluorescence spectra of monomeric γ-Syn in the presence of increasing concentration of EGCG overlapped with that of the fluorophore in buffer alone condition, with an emission around 525 nm [ Fig. 6(A) ]. This indicates the stabilization of the natively unfolded conformation of γ-Syn by EGCG, as also observed in native far-UV CD [ Fig. 5(A) ], corresponding to the low mean hydrophobicity of these intrinsically disordered proteins. 41 The ANS fluorescence spectra measured at different time intervals (0 h, 24 h, and 48 h) during the course of fibrillation [ Fig. 6(B) ], showed a concomitant increase in the fluorescence intensity with a characteristic blue shifted emission (λ em at 480 nm) in the untreated γ-Syn fibrils. The ANS emission spectra obtained in the EGCG-treated γ-Syn fibrils were also blue shifted but the increments in the intensity were much reduced at all the time-points [ Fig. 6(B) ]. The increase in the ANS fluorescence intensity under fibrillating conditions indicates the formation of a molten-globule like state, a prerequisite for intrinsically disordered proteins for fibril formation, 42 that does not form in the presence of EGCG. These results thus demonstrate that the EGCG modulated species maintain an overall low surface hydrophobicity. ) (Supporting Information Fig. S6 ) indicating a static quenching mechanism and a binding interaction between EGCG and γ-Syn. Since the single tyrosine of γ-Syn is located in the C-terminal domain, 5 the higher value of k q suggests a solvent exposed C-terminal end of γ-Syn in the presence of EGCG. The binding parameters were evaluated by employing the modified Stern-Volmer equation which resulted in a linear dependence between fluorescence quenching intensity and EGCG concentration from a plot of log (F o -F/F) versus log (Q) 45 [ Fig. 7(B) ]. γ-Syn was found to bind with EGCG at an approximately equimolar ratio of 1:1. An interaction with a binding constant (K a ) of 6.9×10 3 M −1 was obtained at 25 C suggesting the role of weak non-covalent interactions in EGCG-mediated inhibition of γ-Syn fibrillation. In addition, the binding of EGCG to the different species of γ-Syn formed during fibrillation was carried out and the samples of γ-Syn withdrawn at regular time intervals of 0 h, 24 h, and 48 h were similarly titrated with increasing concentrations of EGCG at 25 C. The modified Stern-Volmer plots showing the binding affinity (K a ) of EGCG to different species of γ-Syn is shown in Figure S7 and Table I , respectively. EGCG was found to bind with highest affinity with the species formed during exponential phase of fibrillation (24 h) validating the increased affinity of EGCG to γ-Syn oligomers as revealed by SEC.
EGCG binds to γ-Syn by a static quenching mechanism and forms conformationally restrained oligomers
To further investigate the binding mechanism between EGCG and γ-Syn, time resolved fluorescence measurements of the single tyrosine present in γ-Syn were carried out in the presence of increasing concentration of EGCG (5-25 μM). The fluorescence intensity decay curves and the autocorrelation of the weighted residual mean used for deciding the goodness of the fit are shown in Figure 8 (A) and (B), respectively. The decay curves both in the absence and in the presence of EGCG were appropriately described by three discrete decay components distributed into shorter lifetime (τ 1 < 0.5 ns), intermediate lifetime (τ 2~2 ns) and longer lifetime (τ 3~6 ns). The decay lifetimes observed in the presence of EGCG were found to be only marginally less than the average lifetime (τ m ) of native γ-Syn and the decay curves were indistinguishable from each other yielding the ratio of τ 0 /τ~1 (Table II) . This indicates that the changes in the fluorescence intensity were dominantly due to the changes in the decay amplitudes suggesting the existence of static quenching mechanism and a complex formation between EGCG and γ-Syn, an observation in accordance with the steady-state fluorescence measurements. The effect of aggregation on the fluorescence lifetime of the lone tyrosine present in γ-Syn was also probed in order to gain insight into the conformational dynamics of γ-Syn oligomers formed both in the absence and in the presence of EGCG. The samples of soluble oligomeric species of γ-Syn characterized by far-UV CD were also characterized by time-resolved fluorescence spectroscopy and the differences in the lifetimes between the EGCG generated and native γ-Syn oligomers were investigated. The fluorescence longest lifetime (τ 3 ) in the untreated γ-Syn oligomers and vice versa in the EGCG-generated oligomers during fibrillation [ Fig. 8(E) ] clearly demonstrate that the unfolded state of the untreated γ-Syn oligomers, which when formed in the presence of EGCG, becomes conformationally more restrained and structured upon prolonged incubation during fibrillation. These observations, thus, further support the results obtained from far-UV CD of γ-Syn oligomers [ Fig. 5(C) ]. The faster fluorescence decay in the EGCG-generated oligomers during the initial stages of fibrillation suggest that EGCG perturbs the local conformations in the natively unfolded γ-Syn to become more solvent exposed during early stages of fibrillation to facilitate the formation of conformationally restrained α-helical structure.
ITC reveals weak binding affinity between EGCG and γ-Syn
The binding of EGCG to γ-Syn was also measured using ITC (Fig. 9) . The calorimetric study of the interaction of EGCG with γ-Syn was carried out at 25 C with a 30-fold molar excess ratio of EGCG over γ-Syn. The representative ITC trace is displayed in Figure 9 . The dissociation constant (K d ) obtained from the binding isotherm was of weak magnitude and in the mM range (K d = 2.19 mM), thereby substantiating the role of weak non-covalent interactions in facilitating the binding of EGCG to γ-Syn. Due to the weak nature of binding interactions, enthalpy and entropy values could not be accurately deduced. The association constant (K a ) deduced from the modified Stern-Volmer plot [ Fig. 7(B) ] obtained from steady-state fluorescence studies also revealed a weak binding affinity between EGCG and γ-Syn, although estimating a~10-fold higher value than that observed by ITC. This is likely due to the nature of two techniques, whereas fluorescence relies on the single tyrosine probe in γ-Syn and ITC is based on global heat change measurements. The IDPs have been reported to accomplish interaction with their targets by high specificity and low binding affinity, MTT assay reveals an increased viability of MCF-7 cells in the presence of EGCG-generated oligomers (*P < 0.01 and *** P < 0.0005, related to the cells treated with γ-Syn oligomers and with respect to the untreated cells, respectively). LDH assay shows an increased cytotoxicity in the presence of γ-Syn oligomers (**P < 0.005 related to the untreated cells) which is completely rescued in the presence of EGCGgenerated oligomers (**P < 0.005 with respect to the γ-Syn-treated cells). On the other hand, (B) MTT assay with SH-SY5Y cells show a significant reduction in cell viability in the presence of EGCG-generated oligomers (****P < 0.0001, related to the untreated cells), which is only marginally reduced in the presence of untreated γ-Syn oligomers (*P < 0.01 with respect to untreated cells). Similarly, LDH assay shows an increased cell death of SH-SY5Y cells in presence of EGCG-generated oligomers (***P < 0.0005 and ** P < 0.005 related to untreated cells and γ-Syn-treated cells, respectively). The statistical analysis was done using unpaired t-test. (C) MTT assay (left panel) shows the reduction (****P < 0.0001) in the MTT absorbance with respect to the controls taken as untreated cells and indicate that the disaggregated oligomers are significantly toxic to cells, whereas the whole population of disaggregated fibrils formed upon fragmentation are less toxic (**P < 0.001) to the untreated cells. The error bars represent AESD (n = 3). The statistical analysis was done using one-way ANOVA. LDH assay (right panel) also reveals an increased cell death in the presence of EGCG-mediated disaggregated oligomers as compared to disaggregated fibrils (# and * denote the significant difference between the disaggregated oligomers and disaggregated fibrils with respect to untreated cells, respectively). The statistical analysis was done using unpaired t-test and the error bars represent AESD (n = 3).
facilitating specific ligand binding interaction and playing important role in signal transductions. 46, 47 The single-site weak binding interaction of EGCG with γ-Syn along with a strong suppression of fibrillation in the presence of 15-fold less concentration of EGCG, highlights the role of weak binding interaction in EGCG-mediated modulation of γ-Syn fibrillation.
EGCG-modulated species are differentially toxic to MCF-7 and SH-SY5Y cells
One of the important aspects of small molecule mediated modulation of fibrillation pathways is to investigate cytotoxic effects of the species formed as the oligomers and the protofibrillar intermediates formed during amyloidogenesis have previously been reported to be more toxic than the mature fibrils. 2, 48, 49 Given the fact that γ-Syn is involved in both cancer and neurodegeneration, our study compares the cytotoxic effects of EGCG-generated γ-Syn oligomers on breast cancer (MCF-7) and neuroblastoma (SH-SY5Y) cells, taken as representatives of the diverse diseases, respectively. By measuring the metabolic activity using MTT assay and the non-viability of these cells by LDH-cytotoxicity assay, we show that upon treatment of MCF-7 cells with the protofibrillar and oligomeric species of γ-Syn generated after 24 h of fibrillation, the MTT reduction was decreased by approximately 20% which also corresponded with reduced cell viability or increased cell death in MCF-7 cells as revealed by an increased LDH activity [ Fig. 10(A) ]. On the other hand, the treatment of the cells with the EGCG generated oligomers was found to significantly increase the cell viability, almost completely rescuing the MCF-7 cells from γ-Syn toxicity [ Fig. 10(A) ]. A contrasting effect of γ-Syn oligomers on the viability of neuronal cells (SH-SY5Y) was observed. Unlike for of MCF-7 cells, the γ-Syn oligomers were found to be only moderately toxic to SH-SY5Y cells [ Fig. 10(B) ], whereas the EGCG generated oligomers were found to increase the number of dead cells by almost 50% as compared to the untreated and γ-Syn treated cells. The contrasting effects of the EGCG generated γ-Syn oligomers on the MCF-7 and SH-SY5Y cells have also been additionally confirmed by trypan blue assay (Supporting Information Fig. S8 ). The differential toxicity points toward the cell-specific behavior of γ-Syn that could possibly play a critical role in the propagation of such diseases. We also speculate that the toxic effect of EGCG-generated γ-Syn oligomers on SH-SY5Y cells could arise due to post-translational modifications in γ-Syn which has previously been reported to impart pathogenecity upon modification like oxidation by neurotransmitter dopamine (DA). 8 This highlights the complexities in the use of EGCG and other polyphenols in the prevention of synucleopathies and needs further exploration. Furthermore, the mature fibrils of several amyloidogenic proteins have also been known to disaggregate under several conditions such as prolonged incubation during fibrillation, 50 changes in pH 51 and chemical denaturants 52 as also observed in the presence of EGCG (Figs. 2 and 3 ). These disaggregated oligomers have also been reported to possess toxic characteristics and promote underlying pathogenic conditions. 50 In order to investigate the cytotoxic effect of EGCG-generated disaggregated γ-Syn species, the toxicity of the disaggregated oligomers and the whole population of disaggregated γ-Syn fibrils containing various forms of γ-Syn disaggregates were assessed separately on MCF-7 cells. As the EGCGdiverted γ-Syn oligomers were found to be protective on MCF-7 cells [ Fig. 10(A) ], it was interesting to compare the cytotoxic effects of the disaggregated oligomers on the same. To investigate this, the disaggregated Figure 11 . A schematic representation of the mechanism of EGCG-mediated modulation of γ-Syn fibrillation pathway. The figure illustrates the mechanism of EGCG-mediated modulation of γ-Syn fibrillation pathway. The black arrows (!) represent γ-Syn fibrillation pathway in the absence of EGCG, the black dashed arrows (!) represent EGCG modulated γ-Syn fibrillation pathway and the red arrows ( ) depict disaggregation pathway of γ-Syn in the presence of EGCG. The cytotoxic effects of both EGCG untreated and treated γ-Syn species are denoted by ++++ and +, for highly toxic and less toxic effects, respectively.
γ-Syn species formed after addition of EGCG (50 μM) at 8 h, 24 h, and 48 h (corresponding to lag, log, and saturation phase, respectively) of fibrillation, were withdrawn at the end of fibrillation (~72 h) and were separated into two groups wherein one group was centrifuged to obtain only the disaggregated oligomers and the other was used for the assay as such. The disaggregated oligomers at all the time intervals (8 h, 24 h, and 48 h) were found to be equally toxic to MCF-7 cells as the untreated γ-Syn oligomers, as revealed by both MTT and LDH assay [ Fig. 10(C) ]. On the other hand, the disaggregated fibrils were found to be comparatively less toxic than the γ-Syn oligomers. This indicates an early gain of toxic characteristics by γ-Syn which cannot be reversed upon fibril disaggregation by EGCG. Interestingly, the significant toxicity of the disaggregated oligomers observed against the partial toxicity of the fragmented fibrils [ Fig. 10(C) ] suggests potential permeation of the disaggregated oligomers into the cell membrane causing cell death as compared to the disaggregated fibrils, therefore, highlighting the critical role of the length and physical structure of the amyloid species that could possibly affect their cellular permeability and in turn govern their cytotoxicity. A relationship between the fibril length and the amyloid toxicity has also been reported previously for amyloidogenic proteins like β 2 m, lysozyme and α-Syn where a reduction in the fibril length by fragmentation was associated with increased cytotoxicity. 53 These results suggest that several factors such as stage of inhibition, morphology of aggregating species as well as the cell type together play a role in governing the toxicity of these species. This would, thus also have a strong bearing on transmission of toxic species from one cell to another.
Conclusion
This study gives us an insight into the modulating effects of EGCG on the fibrillation pathway of highly oligomer forming human γ-Syn and demonstrates that EGCG significantly suppresses γ-Syn fibrillation and also leads to fibril disaggregation by modulating the pathway to form two major populations of large-sized, SDS-resistant oligomeric species. The formation of such oligomers, which are kinetically retarded on pathway species, possess an increased α-helical propensity is responsible for inhibition of γ-Syn fibrillation by EGCG. A detailed investigation on the differential toxicity of these oligomers on breast cancer (MCF-7) and neuroblastoma (SH-SY5Y) cells observed in this study may lead to better understanding of the role of γ-Syn in disease etiology. Lastly, resultant toxic disaggregates including the disaggregated oligomers and fragmented fibrils indicate an early gain of toxicity by γ-Syn which is not reversed by EGCG suggesting that modulators that could inhibit the early stages of γ-Syn fibrillation without leading to disaggregation may prove to be potential candidates for preventing synucleopathies. The differences observed in the mechanism of EGCG-mediated modulation of γ-Syn fibrillation in this study from that previously reported for α-Syn indicate a critical role of γ-Syn in underlying pathogenesis and suggest that an in-depth investigation on the effects of such modulators on γ-Syn fibrillation will help to better understand the events leading to the onset of synucleopathies and help in the development of effective intervention strategies. A schematic representation of the mechanism of EGCG -mediated modulation of γ-Syn fibrillation is summarized in Figure 1 .
Materials and Methods
Materials
EGCG, thioflavin T and MTT were obtained from Sigma. All other chemicals were of analytical grade and were purchased from Sisco Research laboratory Pvt. Ltd. and Merck. A plasmid containing the full length human γ-syn was obtained as a gift from Dr Peter T. Lansbury (Harvard Medical School, Cambridge, MA).
Purification of human γ-Synuclein
Human wild-type γ-Synuclein was expressed in BL-21 (DE3) cell line and was purified as already described. 54 The purified protein instead of being lyophilized was resuspended in 10 mM phosphate buffer, pH 7.4 and stored at −20 C into small aliquots. Protein purity was determined both by SDS-PAGE analysis and ESI-MS analysis using a Synapt G2 HDMS instrument (Waters Corp., Manchester, UK) giving a molecular mass of 13,321 Da 10 and the parameters used for the analysis are mentioned in methods (see Supplementary material 1). The ESI-MS spectrum of purified γ-syn is shown in Figure S1 . The protein concentration was estimated using the molar extinction coefficient of 1400 M −1 cm −1 at 275 nm.
Fibril formation and ThT assays
γ-Syn, Thioflavin T, and EGCG were dissolved in fibrillation buffer containing 20 mM phosphate, 100 mM NaCl, 0.02% NaN 3 at pH -7.4. γ-Syn (1 mg/ml; 75 μM) was mixed with EGCG making the final concentrations (5 -50μM) in fibrillation buffer containing 20 μM ThT and were incubated at 37 C with shaking at 200 rpm. ThT fluorescence at regular intervals was recorded at 480 nm with an excitation of 445 nm keeping both excitation and emission slit widths of 5 nm in a Cary Eclipse Fluorescence Spectrophotometer. A control sample without EGCG was also prepared. Concentration of ThT and EGCG were measured using molar extinction coefficient value of 35,000 M −1 cm
at 412 nm and 11,920 M −1 cm −1 at 270 nm, respectively. Each sample was run in triplicates and the data from the triplicates were averaged before plotting ThT fluorescence with respect to time. The apparent fibrillation rate and the lag time of fibrillation were calculated by fitting the fibrillation kinetics of γ-Syn into a sigmoidal curve using the empirical formula reported previously. 55 Time-dependent addition of EGCG and disaggregation assay EGCG (50 μM) was added at 8 h, 24 h, and 48 h during the course of γ-Syn fibrillation and the ThT was monitored at regular intervals as mentioned above.
To negate the dilution effects on fibrillation, buffer of same volume as that of EGCG was added into the control samples.
Seeding experiment
The seeds were prepared by incubating monomeric γ-Syn (75 μM) for 2 days at 37 C, 200 rpm both in the absence and presence of EGCG (30 μM). The unbound EGCG and soluble aggregates were removed by centrifugation at 14,000 g for 30 min and washed twice with the buffer. The seeds were resuspended in the 20 mM phosphate buffer with 100 mM NaCl, pH 7.4, and the various seed concentrations (% v/v) were added into the monomeric γ-Syn solution containing 20 μM ThT. The fibrillation kinetics was monitored by recording ThT fluorescence at 480 nm with an excitation at 445 nm in a 96-well plate using a Varioskan microplate reader (Thermofischer) at a regular interval of 30 min at 280 rpm and diameter of 8 mm.
Electron microscopy measurements TEM images were collected using a JEOL TEM 2100 microscope operating with an accelerating voltage of 200 kV. Samples were deposited on carbon coated 200 mesh copper grid and negatively stained with 1% uranyl acetate. Human γ-syn after fibrillation were placed on the carbon coated grid and allowed to dry in the air for overnight. The grid was then negatively stained by adding a drop of 1% uranyl acetate and blotted with a filter paper after 10 s and allowed to dry in air for next 30 min and the samples examined using TEM with images captured using a CCD camera.
Atomic force microscopy
Freshly cleaved mica sheet was glued on a microscopic slide and the mica surface was exfoliated twice before the addition of the sample onto the mica surface. About 10 μl of sample was adsorbed on the mica surface and was allowed to dry for 20 min. The unbound sample and remaining salts were further removed by gently washing the mica surface with deionized water and again allowed to dry overnight. The AFM measurements were made on a WiTech Alpha 300 RA instrument (WITECH Instrument Co., Ltd., Seoul, Korea) in a non-contact mode. Cantilevers with resonance frequency of 75 kHz and force constant of 40 N/m were used.
Circular dichroism spectroscopy
Far-UV CD spectra were collected using a JASCO J-815 CD spectrophotometer equipped with a peltier device. The spectra were collected using a 1 mm path length cuvette from a wavelength of 195-260 nm at a step size of 0.1 nm, bandwidth of 1 nm, and scanning speed 20 nm/min at 25 C. Total of three accumulations were collected. The far-UV CD spectra of γ-Syn (0.5 mg/ml) under native conditions in the presence of increasing concentration of EGCG (10, 30, and 50 μM) was carried out in 20 mM phosphate buffer (without salt), pH -7.4. The fibrillation reactions were set up in triplicates where γ-Syn (1 mg/ml) was incubated with varying concentrations of EGCG (10, 30 , and 50 μM) in 20 mM phosphate buffer containing 100 mM NaCl, pH -7.4. For analysis, the incubation samples were dissolved in a 20 mM phosphate buffer with no salt, bringing the final concentration of γ-Syn to 0.3 mg/mL and reducing NaCl concentration to 33.3 mM. The background spectra of each EGCG concentration and the buffer were simultaneously subtracted. The data were plotted in mean residue ellipticity units expressed as degree cm . To monitor the far-UV CD spectra of the γ-Syn oligomers, the fibrillation samples withdrawn after 48 h of fibrillation were centrifuged at 14,000 g for 30 min to remove the insoluble aggregates. The far-UV scans were measured using a cuvette of 0.1 mm path length to reduce interference by 100 mM NaCl present in the fibrillation buffer and the data was normalized with reference to the initial concentration.
ANS binding assay
The incubation samples were withdrawn at different time intervals and ANS spectra was recorded from 400 to 600 nm with an excitation at 375 nm at 25 C and slit widths of 5 nm were used for both excitation and emission. The samples withdrawn were diluted in fibrillation buffer making a final concentration of 0.3 mg/ml keeping final ratio of ANS to protein concentration equal to 5.
Size-exclusion chromatography
Aliquot of γ-Syn in the presence of EGCG (50 μM) was withdrawn at different time intervals and the larger aggregates or the insoluble material was removed by centrifugation for 30 min at 14,000 g. For disaggregation studies, the monomeric solution of γ-Syn (75 μM) was incubated with EGCG (50 μM) added at three different time intervals 8 h, 24 h, and 48 h marking the three stages of fibrillation respectively and the soluble aggregates were collected by centrifugation as mentioned above. The supernatant was further filtered through 0.22 μm filter and 20 μL of supernatant was eluted through BioSep SEC-S 2000 column (300 × 7.8 mm), from Phenomenex in 20 mM phosphate buffer containing 0.1 M NaCl, pH -7.4 using a Waters 2489 UV/vis separations module attached with Waters 515 HPLC pumps. The HPLC system was operated and the data was collected and analyzed by Empower software. The column was eluted at a flow rate of 0.5 mL/min at 25 C and the absorbance of the mobile phase was measured at 275 and 270 nm corresponding to absorbance of γ-Syn and EGCG, respectively. The column was calibrated using the following standards obtained from Bio-Rad: thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B 12 (1.3 kDa). The hydrodynamic properties of the species were calculated using the empirical formula as previously reported. 5 The monomer and oligomers formed during the fibrillation was quantified by calculating area under peak using Origin software.
SDS and NATIVE polyacrylamide gel electrophoresis
γ-Syn samples treated with various concentrations of EGCG (30, 40 , and 50 μM) at time points 0 h, 24 h, and 48 h as well as the disaggregation samples were withdrawn and prepared similarly as for size-exclusion studies. About 10 μL of 5× sample buffer (250 mM Tris, 5% β-mercaptoethanol, 10% SDS, 50% glycerol, and 0.5% bromophenol blue) was added to supernatant and were boiled at 95 C for 10 min. About 14 μL aliquot was loaded onto a 15% SDS-polyacrylamide gel. The samples for native-PAGE analysis were prepared as mentioned above except the sample buffer used was devoid of SDS and β-mercaptoethanol and also the sample were not subjected to boiling. A 10% native-gel was prepared for the analysis. Electrophoresis was carried out in 0.75 mm-thick plates at 80 V and stained with Coomassie Brilliant Blue G. The molecular weight of the protein was determined by using a broad range (6.5-210 kD) protein standard (Bio-Rad, CA, USA).
Steady-state fluorescence
The binding of EGCG to γ-Syn (22.5 μM) was studied by continuously titrating γ-Syn with an increasing concentration of EGCG (2-30 μM) at 37 C and the binding was ascertained by the quenching of tyrosine fluorescence upon titration with EGCG. The association constant K a was calculated using the modified Stern-Volmer quenching equation:
where K sv is Stern-Volmer constant for static quenching, F o and F is the fluorescence intensity in the absence and in the presence of quencher, respectively, K a is the association constant, n is the number of binding sites, and Q denotes the quencher concentration.
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Time-resolved fluorescence and data analysis Time-resolved fluorescence intensity was measured by the time-correlated single photon counting (TCSPC) method using a model F900 fluorescence lifetime spectrometer (Edinburgh Instruments, UK). The lifetime of the single tyrosine present in γ-Syn was recorded with 75 μM γ-Syn in the presence of increasing concentrations of EGCG (5-25 μM), excited at 284 nm wavelength using a Nano LED pulsed laser. The emission was recorded at emission maxima (λ max ) of 342 nm as determined from the steady-state fluorescence spectra. The instrument response factor (IRF) was typically 1.5 ns (fwhm) as recorded by scattering a dilute suspension of colloidal silica (Ludox).
To determine the decay constants a peak count of 3000 was collected for total decay duration of 50 ns. The data were recorded into 4096 channels at a timing resolution of 0.012 ns/channel.
Data analysis and curve fitting. The resulting data were analyzed by using the FAST software provided with the instrument. Non-linear least squares method was employed which assumes the fluorescence decays to be the sum of discrete exponential components expressed by the equation as reported [57] [58] [59] 
where n is the number of discrete exponentials, i is the index, and α i and τ i are the amplitudes and lifetimes, respectively. The average of fluorescence lifetime was calculated as
The goodness of the fit was decided by the reduced χ 2 and from the randomness of the weighted residuals distributions.
ITC
The ITC experiments for defining the thermodynamic parameters of EGCG binding to γ-Syn were carried out on VP-ITC model from Microcal at 25 C, pH -7.4. The γ-Syn sample was centrifuged at 14,000 g for 20 min to remove any high order suspended particles and the supernatant was filtered through 0.22 μm filter. All the samples before loading into the calorimeter cell were degassed for 10 min using the Thermo Vac degassing unit supplied by Microcal to ensure that no bubbles were formed. Sample cell containing γ-Syn (0.22 mM) was continuously titrated with 9 μL of EGCG (6.6 mM) with a uniform interval of 800 s with a rotating syringe at 329 rpm. Corresponding control experiments for determining the heat of dilution of EGCG was performed by titrating EGCG into the buffer under identical conditions. The heat associated with the EGCG-buffer reaction was subtracted from EGCG-γ-Syn reaction to obtain the actual heat of interaction. The data were analyzed using Origin7 software provided by Microcal.
MTT cytotoxicity assay
The γ-Syn fibrils were formed by incubating γ-Syn (75 μM) in the absence and the presence of EGCG (50 μM) in fibrillation buffer at 37 C with shaking at 200 rpm. For estimating the toxic effects of disaggregated oligomers, the fibrillation reaction was set as described in materials and methods. At the end of the fibrillation reaction, the samples were divided into two groups where one group was centrifuged at 14,000 g for 30 min to remove the insoluble aggregates, leaving only the soluble disaggregated oligomers and another was used as such without centrifugation containing the whole of soluble and insoluble disaggregated species. The buffer without protein and with or without EGCG was maintained as controls. The incubation samples were withdrawn at 24 h of incubation for assessing the toxicity of EGCG-generated oligomers and at the end of fibrillation for assessing toxicity of disaggregated oligomers as well as fibrils formed at different stages upon EGG addition. A 7-fold dilution of the incubation samples were applied to human breast cancer cell line (MCF-7) and neuroblastoma cell line (SH-SY5Y). The cells were cultured in DMEM but for growing SH-SY5Y, the media was supplemented with 10% L-glutamine. Cells were plated at a density of 20,000 cells/well on 96-well plates in 200 μL of media. The cells were grown for 24 h at 37 C to allow the cells to reach the exponential phase. After 24 h the protein aggregates were added and the cells were kept for incubation for 2 days at 37 C. Cytotoxicity was measured by using 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetra-zolium bromide (MTT) toxicity assay. About 20 μL of MTT (5 mg/ml) was added to each well containing 200 μL of media. MTT addition was done under dark and the plates after MTT addition were incubated for 4 h in the incubator. After completion of 4 h, the MTT crystals formed were dissolved using 200 μL of 100% DMSO and the readings were immediately recorded at 570 nm and background was corrected for 650 nm. The assays were performed in three independent reactions and statistical analysis was done using unpaired t-test for the assessing the toxicity of EGCG-generated oligomers and for assessing the toxicity of disaggregated species, one-way ANOVA was employed.
LDH cytotoxicity assay
The LDH cytotoxicity assay measures the non-viable or dead cells by monitoring the extent of release of cytoplasmic LDH into the culture medium upon cell death due to damage of the plasma membrane. An increase in absorbance of a red formazan product at 490 nm directly indicates an increased LDH activity which in turn corresponds to the number of lysed cells.
For LDH assay the fibrils were formed by incubating γ-Syn (150 μM) in the absence and presence of EGCG (100 μM), keeping the ratio of γ-Syn: EGCG (1:0.6) as used in MTT-assay and the incubation samples for the assay were then similarly prepared as for the MTT assay. MCF-7 and SH-SY5Y cells were plated out at a density of 50,000 cells per well in a 200 μL of media in a 96-well plate. The cytotoxicity of γ-Syn species formed in the absence and presence of EGCG was quantified using Pierce™ LDH Cytotoxicity Assay Kit (Thermo Fischer Scientific) and the % cytotoxicity was calculated using the manufacturer's protocol.
Supplementary materials
Supplementary methods: ESI-MS analysis of purified γ-Syn, Extrinsic ThT assay with centrifuged γ-Syn fibrils, Rayleigh scattering, Seeding experiment, Trypan Blue assay for cell viability. Supplementary figures: Mass spectrometry analysis of purified γ-Syn by ESI-MS, extrinsic ThT assay of γ-Syn in the presence and absence of EGCG (50 μM), calibration curve of protein standards of known molecular weights obtained by size-exclusion chromatography, Rayleigh scattering of γ-Syn species formed in the absence and presence of EGCG during fibrillation, effect of EGCG-generated seeds on γ-Syn fibrillation pathway, Stern-Volmer quenching plot for the evaluation of bimolecular quenching constant (k q ) of EGCG binding to γ-Syn at 25 C, modified Stern-Volmer plots showing binding affinities of EGCG to different aggregating species of γ-Syn, cytotoxic effects of γ-Syn on MCF-7 and SH-SY5Y cells studied by trypan blue assay.
